INTRODUCTION
Plate tectonics provides a well-established framework for the present-day dynamics of solid Earth, in which semirigid plates are driven primarily by the negative buoyancy of cold and dense oceanic lithosphere (Forsyth and Uyeda, 1975) . This buoyancy force, which overcomes the viscous resistance of the underlying mantle, is commonly termed "slab pull." It is unclear, however, how long the present-day form of plate tectonics has been operating and whether Earth in earlier times had a modifi ed or dramatically different method for cooling its interior. At present, there is no oceanic lithosphere older than 200 Ma, and observational evidence supporting earlier plate tectonics needs to be found on the continents. Geologic remnants of oceanic lithosphere in the form of ophiolites mostly date back to ca. 800-900 Ma. A few have been reported as far back as 3.8 Ga (Kontinen, 1987; Scott et al., 1992; Furnes et al., 2007) , but reports of these older ophiolites remain controversial (Kusky and Li, 2002; Zhai et al., 2002) . A comparison with Venus (a dry planet on which plate tectonics is absent) suggests that the presence of liquid water may play an important role in the decoupling and cooling of plates. The onset of plate tectonics has been suggested to have been anywhere between as recent as 1.0-2.0 Ga (marked by the earliest observations of ultrahigh-pressure terranes, blueschists, and ophiolites; Hamilton, 1998; Stern, 2005; Condie et al., 2006; Brown, this volume) and >4.0 Ga (shortly after freezing of an early magma ocean; e.g., de Wit, 1998) . The earliest estimates for the start of plate tectonics are based on the evidence from zircons for the presence of liquid water and generation of continental crust early in Earth's history (Peck et al., 2001; Harrison et al., 2005) . If plate tectonics was not a viable mechanism for Hadean and Archean tectonics, then other mechanisms were required to ensure suffi cient surface heat fl ow of Earth through time.
The main objective of this paper is to summarize and discuss different geodynamic arguments for and against plate tectonics in the Archean. Some of the presented models and constraints are new, but many are well established in the literature. By compiling them we hope to give a clarifying overview. This paper has the following organization. We fi rst discuss the thermal constraints that apply to any tectonic regime, such as its ability to provide a suffi cient cooling agent. Then we discuss the circumstances under which the present-day style of subduction and therefore plate tectonics is possible, and we give a description of the various proposed alternative models and their geodynamic viability. We end with suggestions for research areas in which improved data or techniques would be most crucial for answering the question "When did plate tectonics start?"
THERMAL CONSTRAINTS
The evolution of the temperature of Earth's (upper) mantle is a fundamental constraint that needs to be taken into account in our discussion of the viability of different tectonic regimes in the past. It is essential to evaluate whether a particular tectonic regime was able to operate under the supposed thermal regime, and, conversely, whether this tectonic regime could explain the observations of secular changes in mantle temperature. Since mantle temperature infl uences the range of viable tectonic mechanisms but is in itself controlled by those mechanisms, the problem is nonlinear, and more than one solution may be possible, even if we could perfectly understand the relationship between tectonic regime and thermal evolution. However, by bracketing the mantle temperature through time, we should eventually be able to solve this puzzle.
Observations of Mantle Temperature in the Archean
Direct measurement of mantle temperature is not possible, but several indirect methods have been developed using the compositions of igneous rocks to infer mantle potential temperatures at their time of formation.
Pressure-temperature data from Archean high-grade terrains yield bounds on continental heat fl uxes that suggest an Archean continental geotherm similar to the present-day one (England and Bickle, 1984) . However, this may refl ect relative constancy of continental lithosphere thickness rather than the temperature of the underlying mantle (Davies, 1979) . The oceanic environment appears to have been hotter in the Archean. Inferred liquidus temperatures of MORBs from ophiolites and greenstone belts from the past 3.7 b.y. record a gradual 200 °C drop in the extrusion temperature of basalts over this period (Fig. 1A) . This data set explicitly excluded komatiites under the assumptions that these are plume-derived and therefore not representative of the average upper mantle temperature. Liquidus temperatures can be derived from the MgO content of lavas due to the wellestablished Mg-Fe partitioning upon melting (e.g., Langmuir et al., 1992) . Inclusion of high-MgO komatiitic data also indicates a strong cooling trend (Fig. 1B) , with possibly a stepwise decrease at the end of the Archean, potentially suggesting a change in convective mechanism.
It is convenient to discuss the upper-mantle temperature in terms of its potential temperature, which is the ambient temperature extrapolated to the surface along the adiabat. Extrusion temperatures are always lower than the potential temperature of the mantle from which the melt is formed due to the consumption of latent heat upon melting, but one can derive the mantle potential temperature from the extrusion temperatures using models of decompression melting (e.g., McKenzie and Bickle, 1988) . It is common to assume that basalts are generated by pressurerelease melting, and since melting starts deeper in a hotter Earth, the amount of latent heat consumption and percentage of partial melting increases. An extrapolation of the (McKenzie and Bickle, 1988 ) melt formalism to higher potential temperature (e.g., Vlaar et al., 1994) shows that the extrusion temperature is linearly related to the potential temperature and that a 200 °C drop in extrusion temperature since the Archean corresponds to a 300 °C drop in mantle potential temperature ( Fig. 2A) . This modeling approach provides some insights into the potential changes in dynamic regime: Since the melting starts deeper, the amount of melt generated is larger, leading to a thicker crust as well as a thicker depleted harzburgite layer (Fig. 2B) . This leads to a compositionally stable stratifi cation that is increasingly resistant to thermal cooling (Fig. 2C) . We shall return to the consequences of this deeper mantle melting in a hotter Earth in section 3.
A high-end estimate of mantle potential temperature can be made by inclusion of the komatiitic data. Nisbet et al. (1993) derived an upper limit of Archean mantle potential temperature of 1800 °C, which, under the assumption that mantle plumes are at least 200 °C hotter than ambient mantle, would suggest an average mantle potential temperature of perhaps 1600 °C. However, Parman et al. (1997) Figure 2 . Consequences of pressure-release melting in a hotter Earth (Vlaar et al., 1994) . ( Michael Lesher ( Laurentian University) and Nick Arndt (Grenoble), modifi ed after Campbell and Griffi ths (1992) . MgO concentrations are directly linked to the liquidus temperature of the lavas (e.g., Langmuir et al., 1992) . The inclusion of komatiites suggests a possible stepwise decrease in the temperature of the upper mantle at the end of the Archean.
(2004) argue that komatiites could also have been formed in a wet rather than a hot environment by hydrous melting at shallow depths in a subduction environment, in which case the Archean mantle only needed to be ~100 °C hotter than at present. A recent overview for the various constraints on the thermal evolution of the mantle is given in Jaupart et al. (2007) . For the period prior to 4 Ga, very few observations are available, with virtually no constraints on mantle potential temperature. This implies that anything between rapid cooling and even warming up of the Hadean mantle cannot be ruled out on the basis of observations. Based on planetary evidence, however, it is most likely that Earth got a hot start, likely with a magma ocean, due to its rapid and highly energetic accretion.
A Simple Heat Balance
Independent estimates of the evolution of Earth's mantle temperature can be obtained by theoretical considerations using the fi rst law of thermodynamics. Changes in mantle temperature are caused by the imbalance of heat conducted into and out of the mantle and any internally generated heat. Earth loses heat to space through its surface. The main internal heat sources are primordial heat from early accretion and differentiation, and radioactive heating through time from 238 U, 235 U,
232
Th, and 40 K. Some proportion of the primordial heat and heat from past radiogenic heating is still stored in Earth in the form of thermal energy. The gradual secular cooling of the mantle can be seen as a present-day heat source, so that the present-day energy balance is of the form "heat out at surface = heat in from core + present-day radiogenic heating + present-day secular cooling of the mantle."
A simple, fi rst-order heat balance gives a good idea of the effects of heating and cooling on the mantle temperature through time (Sleep, 2000) . Today, the globally averaged surface heat fl ow q s is ~80 mW/m 2 (Pollack et al., 1993) . For the convective heat loss it is perhaps more relevant to use the oceanic average (100 mW/m 2 ). Approximately half of the present-day heat loss (44 TW) is estimated to come from cooling, the other half from the present-day rate of radioactive heating of ~20 TW (McKenzie and Richter, 1981; Pollack et al., 1993; McDonough and Sun, 1995; Jaupart et al., 2007) . Radioactive heating was about three to four times higher in the Archean and Hadean (e.g., Turcotte and Schubert, 2002) . If we now make the crude but convenient assumption that Earth's surface heat fl ow was always roughly what it is today (because, for example, plate tectonics always operated in the same way and with the same vigor), we must conclude that in the past more heat was produced by radioactivity than escaped through the surface, and Earth was heating up instead of cooling down. We could, instead, make another crude assumption that the cooling rate (i.e., the part of the surface heat fl ow that results in secular cooling) was always 40 mW/m 2 (but the total q s was larger due to the larger radioactive component), which is equivalent to a constant (average) cooling rate for Earth of ~100 °C/b.y. (Sleep, 2000) .
Although the observations (discussed in the former section) seem to favor the latter case of constant cooling (although not necessarily as fast as 100 °C/b.y.), the scenario in the former case (of an early Earth that warmed up instead of cooled down) cannot be excluded. Obviously, to proceed we would like to avoid these crude assumptions and provide theoretical arguments related to the effi ciency of convection.
Relation Between Convection and Thermal Evolution of the Mantle
Tectonic deformation can be regarded as the surface expression of convection cells with a rather complicated rheology. The vigor of mantle convection strongly depends on the mantle viscosity, which in turn is largely dependent on mantle temperature. If we only take the temperature dependence of viscosity into account, it seems reasonable to assume that in an early, hotter Earth, mantle convection was more vigorous, surface heat fl ow greater, and therefore cooling more effi cient. In the presence of a dynamic lithosphere (such as with plate tectonics), the story is likely to be more complicated.
Parameterized Convection
For simple, isoviscous convection, the relationship between total surface heat fl ow and vigor of convection is described by
with Nu the Nusselt number, a nondimensional measure of the surface heat fl ux, and Ra the Rayleigh number, a measure of convective vigor. The nondimensional parameters c and β can be determined from boundary layer theory or fl uid dynamical experiments. The use of this simple relationship as a proxy for full convection calculations is usually referred to as "parameterized convection." For isoviscous fl ow, β ≈ 1/3 (e.g., Turcotte and Schubert, 2002) . For temperature-dependent rheology, β can drop below 0.1 (Christensen, 1985; van Keken et al., 2001 ). However, Gurnis (1989) argued that such low values apply only within the transition from the mobile thermal boundary layer to the so-called "stagnant-lid regime," in which the cool boundary layer is so stiff that much of it does not take part in the convection (Davaille and Jaupart, 1993; Solomatov, 1995) . He further showed that a plate tectonics type of convection, featuring stiff but mobile plates, would again lead to β ≈ 1/3. The correct value of β for Earth's mantle is still under debate, and most present estimates range from 0 to ~1/3 (see an overview in McNamara and van Keken, 2000) , but even negative values have been proposed (Korenaga, 2003 (Korenaga, , 2006 . β can be regarded as a parameter that describes how much the surface heat fl ow is dependent on mantle temperature: A smaller β leads to a smaller dependence, and for β = 0, surface heat fl ow is totally independent of mantle temperature. Once the heat fl ux versus vigor of convection relationship is decided, the thermal evolution of the mantle can be calculated with a simple balance (Davies, 1999) :
or in words, the net rate of mantle heat loss (cooling rate dT/ dt times average mantle heat capacity C) equals heat input (by radioactive heating H and core infl ux Q in ) less heat output (from surface heat Q out ) for a mantle mass M. Although elegant, the simple Nu-Ra relationship can yield problematic results. One possible implication of the parameterization is what has been termed "thermal catastrophe": Starting from today's cooling rate, a higher mantle temperature in earlier times gives higher heat fl ux, a faster temperature drop, and therefore an even larger mantle temperature to begin with. Using this parameterization to extrapolate mantle temperature back in time could lead to unacceptably high temperatures in the Early Archean for certain parameters. Of course, such potential catastrophes may be avoided by integrating forward in time, but the practice of reversing the arrow of time and using the present-day mantle temperature as an initial condition rather than something to shoot for is remarkably prevalent in the literature. Davies (1980) showed that the thermal catastrophe can be avoided if the present-day heat generation rate is more than ~65% of the heat loss rate, a value that is contradicted by geochemical models.
The problem with the Nu-Ra relationship, however, is more fundamental: It implies that only three parameters (Ra, β, and c) govern the cooling history of the mantle. In reality, even for today's plate tectonics situation, the relationship between plate age and speed is not easily described in terms of physical parameters (Jarrard, 1986; Lallemand et al., 2005; Labrosse and Jaupart, 2007) . This indicates that also the resultant mantle cooling should be described by more complicated relationships. Korenaga (2006) suggests a plate tectonic cooling parameterization with a more complicated relationship between Ra and Nu: A hotter mantle gives more melting and related dehydration stiffening of the upper mantle. This, in turn, leads to more sluggish rather than faster plate motions in the past, which leads to signifi cantly less or no secular cooling during the early evolution, and consequently an almost constant potential temperature for Earth throughout its early history. He shows that such a parameterization fi ts the inferred mantle temperatures through time, though his parameterization depends sensitively on some parameters that are not very well constrained, especially the bending radius as a function of plate thickness.
Other shortcomings of the standard Nu-Ra parameterization are illustrated in (Grigné et al., 2005) . Their numerical modeling results of mantle convection with incorporated large lithospheric plates show that (1) cooling of such a wide system is much slower than in square convection cells with an aspect ratio of one, and (2) the parameterized convection approach does not account for signifi cant heat fl ow variations on an ~400 m.y. timescale (the duration of a Wilson cycle). Labrosse and Jaupart (2007) provide a thermal history based on (1) the observation that, at present, oceanic lithosphere of all ages can subduct with equal probability, and (2) the assumption of constant maximum seafl oor age throughout Earth's history. They suggest a modest mantle temperature decrease of only ~150 °C over the last 3 b.y. Their model, however, requires a signifi cant extrapolation from the 200 m.y. of observations on oceanic lithosphere to the 3000 m.y. of model span.
Layered and Whole-Mantle Convection
Geochemical differences between mid-oceanic-ridge basalts (MORBs) and ocean-island basalts (OIBs) favor a layered mantle and associated layered mantle convection throughout large periods of Earth's history as a possibility to maintain separate large-scale geochemical reservoirs (e.g., Hofmann, 1997; van Keken et al., 2002) . Seismic tomography of the mantle (e.g., van der Hilst, 1995; Bijwaard et al., 1998; Grand, 2002) indeed show slabs that linger at 660 km depth. At this depth, the endothermic phase transition from spinel to perovskite forms a barrier for descending cold material and ascending hot material, and therefore forms a good candidate for layered convection (e.g., Christensen and Yuen, 1985) . Seismic tomography also convincingly shows, however, that subducting slabs penetrate into the lower mantle, and the (at least local) mass exchange between upper and lower mantle makes present-day completely layered mantle convection unlikely. McKenzie and Richter (1981) were the fi rst to discuss the infl uence of layered mantle on the thermal history of Earth. On the basis of parameterized convection, Davies (1995) showed that mantle convection may well have been layered in the early history, and later on evolved into whole-mantle convection through more and more frequent overturns of the mantle. This would suggest a rather complicated pulsating temperature variation in the upper mantle, and might in turn also have infl uenced the viable range of tectonic mechanisms. Davies (1995) links these mantle overturns to the observed peaks in crust formation (McCulloch and Bennett, 1994) , although it should be noted that a pure plate tectonic origin has also recently been suggested for these peaks (O'Neill et al., 2007) .
Complete present-day mantle layering at 660 km has by now convincingly been ruled out from tomography results (e.g., van der Hilst, 1995) , but deeper, chemical layering has been proposed as well (e.g., Davaille, 1999; Kellogg et al., 1999) . Following Spohn and Schubert (1982) , McNamara and van Keken (2000) applied the simple Nu-Ra relationship to layered mantle convection. They compared their secular cooling results for layered and whole-mantle convection, and concluded that it is very diffi cult or perhaps impossible to create a bottom layer that is below its solidus, while simultaneously having a top layer that is not too cool, and they suggest that whole-mantle convection was more likely to have dominated throughout Earth's history. This suggests that deep chemical layering such as proposed by Kellogg et al. (1999) may not have existed throughout Earth's history, but some form of material exchange should have been present at times, possibly in the form of a "doming" regime (Davaille, 1999) .
The Infl uence of a Tectonic Regime on the Thermal History
An important test of proposed tectonic models is whether they provide suffi cient cooling of Earth. Different tectonic mechanisms have different cooling effi ciencies. In an Earth with no active tectonics, mantle cooling occurs purely by diffusion, which is far less effi cient than by advection of heat in a convective system. Van Thienen et al. (2005) show that, for the hotter early Earth scenario, plate tectonics can remove the heat from a steadily cooling Earth, provided that plate tectonics operated at least at a present-day rate or slightly more slowly. Their model calculations suggest that in a hotter Earth, plate tectonics was a more effi cient cooling mechanism, because plates were thinner. They also report that a mechanism of simple extrusion of basalt onto the surface would require about one to two orders of magnitude more eruption than the rate of Phanerozoic fl ood basalt eruption to provide a similar cooling.
The fact that these tectonic mechanisms could provide suffi cient cooling doesn't necessarily mean they did. It still has to be shown that these mechanisms were able to operate (and fast enough) in a hotter Earth. It is possible (although not indicated by mantle temperature estimates) that no tectonic mechanism existed for some period of time in the past that could achieve cooling of Earth at the same rate as radiogenic heating. Earth would have warmed through time throughout this period and would not have cooled (as is assumed to be the case at present). The viability of several of the proposed tectonic regimes in a hotter Earth is the topic of the next sections.
IS THE PRESENT-DAY STYLE OF SUBDUCTION POSSIBLE IN EARLY EARTH?
The main driving mechanism of plate tectonics is found at subduction zones. Here, the relatively high density of the subducting slab in comparison with the ambient mantle material causes the lithosphere to founder and pull the surface plate in its wake. This slab pull is widely accepted to be the dominant driving force for plate tectonics (e.g., Forsyth and Uyeda, 1975; Conrad and Lithgow-Bertelloni, 2002) . The viability of present-day plate tectonics therefore hinges primarily on the presence of subduction zones. However, a few more constraints apply: Mid-ocean ridges must not be too strong to resist spreading (Sleep, 2000) , and lithospheric plates must be strong enough to resist internal deformation, while weak enough to bend into the subduction zone (Conrad and Hager, 1999) . In addition, their edges must be weak enough to decouple neighboring plates from each other.
Buoyancy Arguments
A major challenge for the viability of subduction, and therefore for plate tectonics, in an earlier, hotter Earth is the sustainability of the slab pull driving force. Decompression melting in a hotter mantle results in more melting and therefore a thicker crust (which in a plate tectonic regime would be oceanic crust) and underlying harzburgitic mantle (Fig. 2B ) (Vlaar and van den Berg, 1991; Davies, 1992; van Thienen et al., 2004b) . The combined effects upon subduction are likely to be similar to Phanerozoic oceanic large igneous provinces such as Ontong Java, which are unsubductable. The Ontong Java Plateau has indeed caused a reversal of the orientation of subduction in the Solomon trench (Fitton and Godard, 2004) . This is caused by the stronger compositional buoyancy, compared with normal oceanic crust. In general, the oceanic lithosphere has positive compositional buoyancy since (1) the crust itself is compositionally less dense than the peridotitic mantle material from which it originated and (2) the harzburgitic melting residue is also less dense than mantle material. For the present day, the compositional buoyancy of the ~7 km thick oceanic crust and underlying residual harzburgite is compensated by the negative thermal buoyancy (increased density due to cooling) after the lithosphere has cooled on average for 20-30 m.y. (Fig. 2C ) (e.g., Vlaar et al., 1994; Turcotte and Schubert, 2002) . The age at which this neutral buoyancy is reached increases dramatically with higher potential mantle temperature (Fig. 2C) . It is interesting to note that the thermal state of oceanic lithosphere reaches a steady state at ca. 70 Ma (possibly due to convective erosion of the bottom of the lithosphere-usually referred to as "small-scale convection") (Parsons and McKenzie, 1978; Stein and Stein, 1992; Ritzwoller et al., 2004) . In a hotter, weaker early Earth mantle, this equilibration could possibly have happened even earlier (Huang et al., 2003; van Hunen et al., 2005) . It is therefore not clear that the oceanic lithosphere in a hotter Earth can reach neutral buoyancy, let alone obtain suffi cient negative buoyancy to founder into the mantle. This may render subduction inoperative in a hotter Earth. It has been suggested that the crossover point from dense subducting plates (that can actually drive subduction and therefore plate tectonics) to buoyant ones (that resist subduction) may have occurred when Earth was only 50 °C hotter than today (Davies, 1992) .
At least two mechanisms have been suggested to compensate for the buoyancy problem: eclogitization of the basaltic crust, and intense depletion of the early upper mantle.
The transformation of buoyant basalt into dense eclogite (e.g., Cloos, 1993) at ~40 km depth would make slabs still dense below this depth, and slab pull could still be viable, although it is not clear how one could initiate subduction to achieve the eclogite transition in the fi rst place. Another complication in this might be that this transformation has been suggested to be kinetically slow (Ahrens and Schubert, 1975; Rubie, 1990; Hacker, 1996; Austrheim, 1998) . Numerical models of shallow fl at subduction of oceanic plateaus (see section 3.4) seem to suggest that basalt probably remains metastable for a geologically signifi cant time (van Hunen et al., 2002b) . On the other hand, it has been argued that this basalt metastability might not apply in a wet environment such as that of a subduction zone (Rubie, 1990) . The effect of these phase change kinetics on hot, buoyant subduction was examined by van Hunen and van den Berg (2007) , who concluded that kinetic delay times up to 1 m.y. may not signifi cantly hamper subduction, but delay times as large as 5 m.y. do so. Note that this basalt-to-eclogite transition does not infl uence the diffi culty of initiating subduction (see section 3.3), when no part of the plate/slab is yet in the eclogite stability fi eld. Davies (2006) has argued for the possibility of quick and intense depletion of the early upper mantle, because subducting crust, once in the eclogite assemblage, would tend to settle out of the upper mantle. Settling would be enhanced in the early mantle by the mantle's lower viscosity due to its higher temperature. Also, the present-day upper mantle is ~30 times less viscous than the lower mantle, and this may have been the case in the Archean as well. Thus both factors would enhance gravitational segregation of heavier eclogitic material from lighter depleted residue in the upper mantle, leaving it quite strongly depleted. This mantle depletion would lead to less melting, and therefore to a thinner crust and underlying depleted residue, similar to today's situation.
Lithospheric Rheology Arguments
In addition to buoyancy we should consider the rheology of slabs. If plates become weaker, they may bend more easily into the mantle at subduction zones and less bending energy may be required (Conrad and Hager, 1999) , which favors subduction. On the other hand, if a slab is too weak to support its own weight, it may break off, in which case a signifi cant proportion of the slab pull will be lost (van Hunen and van den Berg, 2007) . The latter process can be compared with present-day slab detachment as suggested for the Alps (Davies and von Blanckenburg, 1995) , the Mediterranean-Carpathian region (Wortel and Spakman, 2000) , or Kamchatka (Levin et al., 2002) . The main arguments for slabs being weaker in an early, hotter Earth are (1) slabs were hotter and, on average, probably younger at the trench, and therefore rheologically thinner, and (2) their crust was thicker, and basalt/ eclogite is intrinsically weaker than cold parts of the mantle lithosphere beneath (Shelton and Tullis, 1981; Karato and Wu, 1993; Kohlstedt et al., 1995; Stöckhert and Renner, 1998) . The efficiency of plate tectonics may therefore decrease signifi cantly for a 200 °C higher ambient mantle temperature, mainly as a result of early and frequent slab breakoff and the inability to form long, subduction-enhancing slabs (van Hunen and van den Berg, 2007) (Fig. 3) . However, depletion due to partial melting dehydrates the mantle and could make it up to two orders of magnitude stronger (Hirth and Kohlstedt, 1996) . This would make the rheologically strong part of the mantle (the literal defi nition of "lithosphere") thicker and might not allow for any slab breakoff (van Hunen and van den Berg, 2007) . Thicker lithosphere (in a rheological sense) could slow down plate tectonics, because more energy was necessary to bend the oceanic plate into the mantle. The net strength of the lithosphere is diffi cult to estimate a priori, because of the competing effects of temperature weakening and dehydration strengthening on the ambient viscosity. As a rule of thumb, mantle material weakens by an order of magnitude for every 100 °C temperature increase. Korenaga (2006) argues that if plates were indeed stronger in the past, this would also slow down plate tectonics, which partly removes the buoyancy arguments against plate tectonics in a hotter Earth, as discussed above. Van Hunen and van den Berg (2007) found that slab breakoff is indeed suppressed when dehydration strengthening is applied, but that subduction speed still increases with increasing mantle temperature.
Slab suction (the transmission of stress from the subducting slab to the plate at the surface through the mantle surrounding the lithosphere) has been identifi ed as an important component of slab pull (Conrad and Lithgow-Bertelloni, 2002) . In a hotter and thus weaker mantle, the contribution of slab suction to driving plate motion might have been substantially smaller.
Lawsonite blueschists and lawsonite eclogites are formed by high-to ultrahigh-pressure metamorphism (UHPM) and are recording cold subduction (Brown, this volume) . A characteristic feature of the Precambrian is the absence of UHPM (e.g., Maruyama and Liou, 1998; Brown, this volume) . This absence is sometimes regarded as an indication for either absence of plate tectonics (Stern, this volume) or a signifi cant change in plate tectonics. In addition, temporal changes in P-T conditions in subduction could lead to different P-T paths in which no or different UHPM is formed (Maruyama and Liou, 1998) . Biased preservation of Archean rocks may be another explanation (Möller et al., 1995) . Yet another possibility might be related to the secular changes in the rheological structure of the subducting slab (van Hunen and van den Berg, 2007) . During closure of oceanic basins, subducting oceanic lithosphere is followed by an attempt at continental subduction. At present, the high integrated strength of subducting lithosphere enables the dragging of buoyant continental lithosphere to some depth into the subduction zone. Breakoff then results in rebound of the buoyant continental rocks, and consequently brings UHPM rocks toward the surface. Weaker lithosphere in the past may have favored early detachment of the subducted oceanic slab from its continental counterpart, thereby preventing the development of the high-pressure rocks and the possibilities for substantial rebound.
Initiation of Subduction
Our present understanding of the initiation of subduction is rather poor, and this renders an extrapolation to different geodynamic conditions in the past diffi cult. Various mechanisms for subduction initiation have been suggested. Cloetingh et al. (1982) and Regenauer-Lieb et al. (2001) investigated sediment loading of passive margins to create subduction initiation. Hall et al. (2003) proposed conversion of a fracture zone into a selfsustaining subduction zone. Niu et al. (2003) use the principle of lateral compositional density variation within the lithosphere to create the required stress fi eld to initiate subduction. Solomatov (2004) suggested convective thinning (or small-scale convective erosion) of the lithosphere, which creates a preferred location for subduction initiation. Whether these mechanisms could have been active in early Earth has to be evaluated for each mechanism individually. In a weaker mantle, small-scale convection probably keeps lithosphere thinner than today, which favors Soloma-tov's model for early Earth. On the other hand, stress transmission might have been more diffi cult when mantle and lithosphere were weaker, which makes localization of stress more diffi cult and could imply that Hall's mechanism applies more to the modern lithosphere.
Shallow Flat Subduction
Today, shallow fl at subduction occurs in southern Peru and central Chile and has been at least partially associated with the presence of buoyant plateaus (caused by large igneous provinces, aseismic ridges, or seamount chains), which have thicker-thanaverage oceanic crust (Cross and Pilger, 1978; McGeary et al., 1985; Gutscher et al., 2000) . Such shallow subduction needs either (1) thick crust ("buoyant plateau") or (2) an actively seaward-advancing overriding plate (van Hunen et al., 2002a (van Hunen et al., , 2002b or (3) a low-pressure mantle wedge above the subducting slab, which causes rise of the slab (Jischke, 1975; Stevenson and Turner, 1977; Tovish et al., 1978) , and possibly a combination of these mechanisms (van Hunen et al., 2004) . It has been suggested that a similar type of subduction might have been widespread in the past (Vlaar, 1986; Abbott et al., 1994b; O'Neill and Wyman, 2006) , because the thick oceanic crust suggested for an early, hotter Earth might have had much in common with buoyant plateaus. In terms of observational evidence for this, it has been suggested that the common tonalite-trondhjemite-granodiorite (TTG) suites of the Archean originated from shallow fl at subduction in the early history of Earth. TTGs were suggested as Archean analogues of Phanerozoic adakites (Drummond and Defant, 1990) , which are products of slab crustal melting and occur in association with subduction of young oceanic lithosphere in South America. Smithies (2000) showed that slab crustal melting could generate TTGs, but only if there was no chemical interaction of melt with the mantle wedge. Shallow fl at subduction is therefore a suitable setting.
However, the driving force for the shallow fl at subduction observed today is provided by other, steeper parts of same subducting slab (van Hunen et al., 2004) . If large parts of the oceanic plate are negatively buoyant, and subduct steeply, these can drag down smaller parts of the same oceanic plate that are positively buoyant. Once subducted, these buoyant plateaus resist being dragged down into the deep mantle, thereby causing temporary and local shallow fl at subduction. In a hotter mantle, where the total oceanic plate was buoyant, shallow fl at subduction would not have operated, because no driving force would have been available to subduct the buoyant plate. Instead, subduction would simply have ceased, or would never have started. One possible mechanism that could have provided shallow fl at subduction of the total slab would have been active seaward motion of the overriding plate, but it is unclear why this should generally have been the case in the Archean. Other processes may need to be invoked, such as obduction by "continental overfl ow" (Bailey, 1999) , although this would probably no longer be regarded as plate tectonics. This obduction would only lead to fl at subducting slabs if the mantle viscosity was large enough to resist rapid sinking of the subducting slab. For the hotter Archean mantle this was probably not the case (van Hunen et al., 2004) (Fig. 4) .
Plate Velocities and Plate Ages in the Past
The above arguments can be combined to estimate plate speeds and the residence time of oceanic plates in the past. This could in principle be related to surface heat fl ow values, and combined with observed plate velocities throughout Earth's history to assess the question of whether plate tectonics was viable in the past. It is often suggested that plate motions were faster than today based on a rheological argument that the viscosity of the mantle is lower in a hotter Earth. However, the overall scenario is much more complicated since we can expect major changes with temperature in the subduction-favoring ingredients (weaker mantle, easier plate bending) and the inhibiting effects (plate compositional buoyancy, weak slab breakoff, dehydration strengthening). Van Hunen and van den Berg (2007) estimate the turnover point to net inhibition to have been at around 100-200 °C hotter than today. Davies (1995) furthermore argues that plate tectonics may not have been continuously active throughout Earth's history, but might instead have been periodically switched off, when mantle overturns suddenly increased the upper-mantle temperature and increased the average thickness of the oceanic crust signifi cantly, thereby blocking the subduction process. O'Neill et al. (2007) suggested episodic rather than continuous plate tectonics in an early, weaker Earth with lower stresses.
The evaluation of tectonic mechanisms would be greatly aided by reliable observations that constrain the motion of oceanic plates. Unfortunately, direct information is unavailable for ages older than 200 Ma. Observations on Precambrian plate motion are extremely sparse (and so may not represent global features) and indirect (and so involve several assumptions) and should be handled with care. The most quantitative method available to estimate Precambrian plate motion is paleomagnetism. Details on the methodology, results, and limitations can be found in Evans and Pisarevsky (this volume).
ALTERNATIVE TECTONIC MODELS
Today, plate tectonics dominates the large-scale dynamics of Earth's surface and governs the associated surface heat fl ow. It could be that other mechanisms cannot operate because plate tectonics is the most effi cient and therefore the currently dominant mechanism. As shown in the previous section, however, this plate tectonics monopoly was not necessarily the case throughout Earth's history; plate tectonics might have had a harder time to run effi ciently in the past, which might have left room for competitors to operate. The two most obvious dynamical arguments against Archean plate tectonics are the gravitational stability and the weakness of the oceanic lithosphere. These arguments have been the main reason for proposing alternative Archean tectonic regimes. Several regimes have been suggested in the last few Figure 3 . Numerical modeling results of buoyancy-driven subduction for various mantle temperatures and corresponding crustal thicknesses. Columns represent mantle potential temperatures of (from left to right) 0, 100, 200, and 300 °C hotter than today. The top row shows subduction velocity, and the lower panels show snapshots of the effective viscosity (colors) and presence of crustal material: basalt (black) transforming into eclogite (white). Horizontal lines indicate the 400-km and 660-km mantle phase transitions. Model results indicate that for a 100-200 °C hotter mantle, subduction remains qualitatively similar to today's situation. But an even hotter Earth shows frequent slab breakoff that may frustrate the subduction process (from van Hunen and van den Berg, 2007) . Figure 4 . Numerical simulations of subduction with an overriding plate for different mantle potential temperatures T pot : (A) T pot = 1350 °C (present-day situation); (B) T pot = 1338 °C; (C) T pot = 1375 °C. Results show that shallow fl at subduction is not a viable scenario if the mantle temperature becomes 75 °C or more hotter than at present (van Hunen et al., 2004) .
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decades, and discussion of their mechanism, viability, and uncertainties may aid an appreciation of the long-term debate on "the timing of initiation of plate tectonics." Most mechanisms have been suggested to provide an alternative cooling mechanism for plate tectonics that is more effi cient than a stagnant-lid regime.
Drip Tectonics
Hoffman and Ranalli (1988) estimated Archean oceanic crustal production to be 130-195 km 3 /yr. Their estimate was based on extrapolation of the present-day rate of crust formation at mid-ocean ridges, under the assumption that the higher mantle temperature leads to increased spreading rates or ridge lengths. They concluded that only one-fourth of this produced Archean crust is preserved today. A nonuniformitarian method for crustal production is by diapirism and subsequent eruption of basaltic melt (Vlaar et al., 1994; van Thienen et al., 2004b) . For this diapirism to provide adequate cooling of Archean Earth, van Thienen et al. (2005) concluded that eruption rates needed to be one or two orders of magnitude higher than the amount of Phanerozoic fl ood basalt magmatism, which again suggests lack of preservation of the majority of the Archean oceanic crust. Most of this buoyant crust must, then, somehow have been recycled into the mantle. A commonly proposed mechanism for recycling is eclogitization of part of the oceanic crust. Model-dependent estimates of the thickness of the Archean basaltic crust are 30-40 km (Fig. 2B) . This brings the bottom of the crust into the eclogite stability fi eld, and with a modest amount of water present, the basalt will transform geologically fast into eclogite (Rubie, 1990) . Eclogite is denser than peridotite and may, under the right circumstances, sink into the mantle to be recycled. If the crustal thickness exceeds the thermal boundary layer, the eclogitic bottom of the crust might form drip-like instabilities (Fig. 5 ) (Campbell and Griffi ths, 1992; Davies, 1992; Vlaar et al., 1994; van Thienen et al., 2004a) . Zegers and van Keken (2001) propose that this mechanism could have formed the earliest continental crust and the TTG suites recorded in Middle Archean cratons (Fig. 6) . A similar mechanism, although with incorporation of a mantle upwelling, is proposed by Bédard (2006) formation of Archean crust and mantle lithosphere of the Minto Block in the northeastern Superior province.
Sandwich Rheology
The thicker Archean oceanic crust leads to a weaker lithosphere, because diabase is intrinsically weaker than peridotite under the same pressure and temperature conditions (e.g., Kohlstedt et al., 1995) . Hoffman and Ranalli (1988) pointed out that the thick Late Archean crust in combination with a reasonably thick thermal boundary layer may have led to a sandwich rheology, similar to that proposed for the present-day continental crust: A weak lower part of the crust is positioned between the stronger upper part of the crust and the mantle lithosphere below. This mechanical decoupling of crust and mantle lithosphere may have given rise to a variety of tectonic regimes in which the upper crust and mantle part of the lithosphere operated more or less independently. The mantle lithosphere may have delaminated and been recycled into the mantle while the crust may have been (partly) preserved. Archean fl ake tectonics (Hoffman and Ranalli, 1988) has been proposed to illustrate the independent dynamics of crust and mantle. Davies (1992) proposed subcrustal subduction as a possible mechanism (Fig. 7) . While the mantle part of the lithosphere subducts, the crustal part of the lithosphere may stay at the surface and stack to form the greenstone belts that are characteristic of Archean terrains. Archean continental overfl ow (Bailey, 1999) exploits the same type of sandwich rheology to enable juxtaposition of continental-style crust with oceanic-style crust, which would then lead to the partial melting of the latter and formation of Archean TTG rock suites. Although Bailey suggests that this leads to TTG formation without actual subduction, such a process would probably create an environment favorable for subduction, and might have been the initial step toward full subduction and plate tectonics. Archean continental overfl ow would have ceased once the mean continental geothermal gradient dropped to values below 25-30 °C/km, when the ductile lower part of the crust would have become too strong. A problematic aspect of these sandwich-rheology styles of tectonics is that these may not act as a suffi cient cooling agent for Earth. The "subduction" of the mantle part of the lithosphere is probably a sluggish process, because only a small part of the total thermal boundary layer is available to provide the necessary energy to drive this mantle convection (Davies, 1999) . Eclogitization of the lower crust, similar to drip tectonics, can potentially provide the majority of the cooling.
Large-Scale Convective Overturns and Resurfacing Events
The endothermic mantle phase transition at 660 km may have, under certain circumstances, given rise to episodic largescale overturns every several hundred million years during the early history of Earth (e.g., Machetel and Weber, 1991; Tackley, 1993; Solheim and Peltier, 1994) . Davies (1995) shows that the continuing overturns can eventually provide a more continuous mass fl ux between upper and lower mantle such as we observe today (e.g., van der Hilst, 1997) . The effects of such overturns would have been rather dramatic: Sudden increase in melting due to the suddenly 200-300 °C hotter upper mantle would have produced much thicker oceanic crust and infl uenced the viability of the discussed tectonic regimes. Plate tectonics might have ceased until the upper mantle had suffi ciently cooled down again. These overturns might have triggered pulses of crustal formation, and might explain the various observed degrees of (upper and lower) mantle depletion.
A possibly equally dramatic scenario is presented by van Thienen et al. (2004a) with their self-consistent modeling of large-scale (on the order of 1000 km) resurfacing of Archean oceanic crust. This process provides an alternative explanation for the formation of TTGs: After triggering a resurfacing event of gravitationally unstable eclogitic crust, greenstone-producing melting events occur in the hot upwelling counterfl ow; remelting of the bottom part of this greenstone formation gives TTG plutons.
Magma Ocean
A totally different tectonic environment would have been provided early in Earth's history if a large-scale magma ocean was present. This requires a very different thermal and rheological regime than that representative of the present-day solid-state convection. Earth probably accreted hot enough for an initial magma ocean to develop and to extend perhaps down to the lower mantle (Abe, 1997) . Also, giant impacts or continuous smaller impacts may have led to temporary or more permanent magma oceans. Magma oceans are, however, extremely effi cient in cooling the mantle if Earth's surface is relatively cold, which would lead to a rapid freezing of those oceans (Davies, 1990 (Davies, , 1999 . Such magma oceans are unlikely to have been maintained for longer than 20-200 m.y. after Earth's accretion or the major impact period (Abe, 1997; Sleep, 2000) , and probably did not exist after 4 Ga because Earth would have cooled down suffi ciently by then. The preservation of continental fragments since 4.4 Ga (Harrison et al., 2005) also suggests that any global magma ocean stage would Eclogite?
Oceanic crust "Sub lithos phere " Figure 7 . Sketch of a possible pre-plate tectonics dynamic regime. As Figure 5 , but for a slightly cooler Earth and, consequently, a more rigid mantle part of the lithosphere. While eclogitized crust may still "drip" down in the mantle, the mantle part of the lithosphere may form "sublithospheric" subduction (from Davies, 1992) .
have been short-lived. The presence of an early magma ocean is important in our discussion because (1) it provides bounds on the thermal regime at the time the magma ocean freezes and (2) it provides estimates of the initial differentiation, and therefore the mantle composition, of the very young Earth (Abe, 1997) . Early massive differentiation is suggested by Hf isotope data that suggest a depleted mantle that is at least 4.08 Ga (Amelin et al., 2000; van Thienen et al., 2004a) or even older, 4.4-4.5 Ga (Harrison et al., 2005) , although other mechanisms have been proposed (de Smet et al., 2000; Davies, 2006) .
DISCUSSION AND CONCLUSIONS
We have provided a broad overview of proposals for the dynamics of early Earth and its transition into present-day plate tectonics. Observations suggest a 100-300 °C drop in mantle temperature since the Archean (although not necessarily a monotonic temperature drop), and many of the proposed geodynamic arguments against the viability of a certain tectonic regime are based on its failure to match this observation, because the surface heat fl ux in those regimes would be too low to provide the necessary cooling. The viability of plate tectonics in a hotter mantle may have been restricted by lack of driving forces or lithospheric strength required for subduction. However different the proposed tectonic regimes, they seem to have one aspect in common: In order to recycle buoyant crust, transformation to eclogite needs to be effi cient.
Observational evidence for Archean and Proterozoic tectonics is limited to the older cratons within the continents. Even though plate tectonic activity is usually restricted to oceanic lithosphere, occasionally evidence for its operation is preserved in the continents. It is these (relatively rare) occasions that will give us better observational insight into the operation of plate tectonics, and possibly other tectonic regimes, in the past. Therefore, it is useful to understand the dynamics of continents. Zircon ages suggest continental growth as early as 4.5-4.4 Ga (Harrison et al., 2005) . It has been proposed that this provides evidence for the operation of plate tectonics. More precisely, however, this provides evidence for liquid water and remelting in the presence of liquid water, which does not exclude the operation of an alternative tectonic mechanism. Numerical modeling of continent formation and growth (e.g., Lenardic et al., 2003; Lenardic, 2006) provides helpful insight into the geodynamic role of continents as part of a convecting Earth, and their preservation throughout Earth's history forms another geodynamic constraint. Most of the tectonic regimes presented here would probably be able to grow continents somehow. Being able to distinguish continental growth procedures under different tectonic regimes would be a signifi cant step forward in our search for the tectonic regimes of early Earth. Lee (2006) , for example, suggests a plate tectonic origin for the formation of cratonic continents on the basis of geochemical and petrologic methods. Whether the equivalent of oceanic lithosphere (i.e., the short-lived counterpart of stable continents) was possible under alternative tectonic regimes remains to be seen.
A prominent mantle seismic refl ector extending to depths of 60 km occurs beneath the central Superior province of North America and projects to the surface at the junction between two different Neoarchean (ca. 2.7 Ga) terranes (Calvert et al., 1995) . It has been interpreted as a fossil subduction zone (Calvert and Ludden, 1999; Ludden and Hynes, 2000) . Its present dip of ~40° provides little support for a shallow-subduction scenario. Farther west in the Superior province, north-dipping imbrications on the Moho and a high-velocity, shallowly dipping unit at the base of the crust have been interpreted as subduction scars and underplated oceanic crust, respectively (White et al., 2003) . Although they do not extend suffi ciently deep into the mantle to provide any indication of the dips of the associated subduction zones, a magnetotelluric study of the same region indicates the presence of steeply dipping resistivity boundaries to signifi cant depths in the mantle (Ferguson et al., 2005) . Seismic refl ection data in the Svecofennian region indicate that the crust is composed of accreted terrains, which suggest continental collision and plate tectonics (Korja and Heikkinen, this volume) .
The sometimes large uncertainties in the predictions from the discussed geodynamic models are largely due to poorly constrained input parameters. Most importantly, we do not understand the full dynamics of present-day plate tectonics in large part because of the uncertainty of the interaction between the viscous hot mantle and the brittle-elastic-plastic lithosphere. In addition, rheological measurements are often signifi cantly complicated by the presence of volatiles or melt (e.g., Rubie, 1990; Kohlstedt et al., 1995; Hirth and Kohlstedt, 1996) . Also, phase change kinetics, in particular for the basalt-to-eclogite transition, is poorly constrained, again mostly due to the unknown volatile contents (Hacker, 1996) . More accurate estimates of the volatile and melt contents of the materials involved in tectonic processes would therefore signifi cantly enhance the reliability of geodynamic models. The modeling tools also have room for improvement: Self-consistent modeling of plate tectonics without the use of ad hoc rheologies has only started to appear (e.g., Tackley, 1998; Bercovici, 2003) . Without these modeling tools, extrapolation to a hotter Earth regime will clearly retain its uncertainties. Due to the fast technological advances in computational resources and accurate measurements (such as zircon dating and rheology measurements), insight into the geodynamical aspects of "When did plate tectonics start?" is rapidly improving.
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